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ABSTRACT
An investigation has been made of reversible'electrical breakdown 
in amorphous chalcogenides with particular attention being paid to the 
on-state properties of Si Te. As Ge glass threshold switches.|Z 4o oO 1U
Apparatus is described for the preparation of well-characterised 
materials and flash-evaporated thin-film switching devices. Measurements 
have been made of the current-voltage characteristics, including the 
effect of variation of thermal boundary conditions on the stability and 
form of the on-state behaviour.
All tested devices have been found to undergo a forming process 
which is attributed to structural changes in the device material. These 
structural changes have been substantiated by measurements on virgin 
and formed devices of (i) off-state resistance as a function of number 
of switching operations, (ii) off-state resistance as a function of 
electrode contact area, (iii) device conductance versus frequency and 
(v) the effect of uniaxial pressure on device off-state current. The 
results satisfy a model for a formed device in which there is a highly 
conducting and inhomogeneous filamentary region surrounded by a low- 
conducting glass.
It is shown that when the thermal conductivity of the device electrode 
material is two or three orders of magnitude greater than that of the 
switching glass, the magnitude of the minimum holding voltage is 
proportional to the square root of the thermal conductivity of the electrode 
material. This observation is consistent with a thermal constriction model 
where the minimum holding voltage is the sum of the voltage drops across the 
filament constrictions at electrode/glass interfaces.
The holding current is shown to be a linear function of ambient 
temperature and extrapolates to zero at a temperature similar to that for 
a threshold voltage - temperature plot.
Photographic recordings of the current-voltage characteristics of the 
switching devices have shown that the on-state of a formed device consists 
of several distinct branches depending on the switching history of the 
device and the electrode materials. The multiply-branched on-state is 
interpreted in terms of sequential forming of current channels between 
tellurium-crystallite clusters and the electrodes. Several mechanisms
(ii)
are discussed to explain the origin of these current channels and 
the localized thermal breakdown mechanism is considered to be the 
most favourable one.
(iii)
CHAPTER ONE 
I nt roduc 11on 
1.1. History
It was pointed out by Henisch (1969) that the investigation of 
electrons' behaviour in solids has probably absorbed more technological 
man-hours than any other physical phenomenon. However, most research 
efforts in the past, and to a large extent at present, have been 
directe I towards understanding and exploiting the properties of 
crystalline materials. In the 1930's solid-state device research war 
centred around the crystal diode detector and eventually culminated in 
the development of the transistor.
The properties of amorphous or glassy solids have only in recent 
years attracted the interest of solid-state scientists because (i) from 
a device point of view they were thought to have few, if any, commercial 
application except for use as insulators and (ii) theoretically., the 
problem posed by these amorphous materials are formidable.
A milestone in the development and progress of the theoretical 
aspects of the subject was Ziman's quantitative exaplanation of the 
electric 0 "' properties of liquid metals, put forward in 1960. Thi.> was 
a weak interaction theory and the effect of each atom was conside.ed 
small. The success of Ziman's theory instigated investigation of v^at 
happens when the interaction is large as it must be when an energy gap 
exists. T VVQ key points to present day understanding are the principle 
of loffe and Regel (1960) that the mean free path cannot be shorter 
thai, the distance between atoms, and Anderson's concept of localization 
which was introduced in his paper 'Absence of diffusion in certain random 
lattices' which was published in 1958. During the following years a great 
deal of work on electronic processes in amorphous solids was carried out 
by Mott (1967).
In the late 1950's and early 1960 ! s several research workers 
(Ovshinsky, 1970) reported the development of novel kinds of glasses 
which had electrical conductivities dependent on electronic mechanisms 
rather than ionic processes known to be associated with conventional 
glasses. In addition, the conductivity of a conventional insulo.ting
_ Q   1   I
glass is usually less; than 10 J~L m whereas the conductivity of
  I']  ^   i   i 
these new glasses is in the range from 10 "' to 10 ',/X, ~iii "'. More
1 -
important, interesting switching phenomena were observed in these 
glasses (Pearson et al, 1962, 1963, Ovshinsky, 1960). It was 
demonstrated that a rapid and sometimes reversible transition between 
a highly resistive and a conductive state could be achieved in these 
glasses by application of a sufficiently high electric field, i.e. they 
behaved like electrical switches.
It seems that the earliest reference to "vitreous semiconductors"
was made by the Soviet scientists Gorynnova and Kolomiets (1955) who,
while studying various ternary semiccuuvicting compounds, discovered
that the alloy Tl -Se-As -Se insteao. of having a crystalline structure,£ *-i \j
had many of the properties of a typical glass. This discovery initiated 
a vast programme of investigation by Soviet scientists, led by loffe and 
Koloraiets (loffe et al, 1960, Kolomiets, 1960), into various other similar 
glasses and their properties. The electrical properties of these 
materials were mainly investigated.
The results of the soviet team ?'.id show that the broad features of 
the electrical band theory of solids are preserved on transition from 
the crystalline state to the amorphous state, thus confirming a theory 
of loffe's that the electrical band structure of solids is determined by 
short rang3 order, which should be the aame in a solid whether in the 
crystalline or amorphous states.
T'ie first person to exploit glassy semiconductors wouLd appear to be 
S.R. Cvsninsky (1953) who produced a switching device. This device was 
made from an amorphous thin film of tantalum oxide deposited on a 
tantalum substrate which formed one electrode, while a liquid electrolyte 
formed a second electrode. This early switch showed repetitive switching 
and required a "maintaining voltage" to keep it in the high conductance 
state. Later, when a suitable metallized electrode was used a switch, 
which operated "once" only, was made. This type of switch remained in 
the highly conductive state regardless of whether the applied field was 
removed or not. This switch was first demonstrated in December, 1959, 
and in 1961 a patent was granted to Ovshinsky for the two types of 
devices.
Pearson et al (1962), of Bell Telephone Laboratories, reported that 
when point contacts were made to a glass such as As-Te-I switching 
effects were observed, but little work was done in following up this 
initial investigation.
In 1962 Ovshinsky applied for a second patent for a number of 
devices incorporating semiconducting glasses and was granted this 
patent in 19G8. There seems to be some doubt as to when the application 
for the patent was made. In a sub-article published by Sideris (1966) 
in Electronics and entitled "Switch, switch, who made one first?" it 
was stated that the patent was applied for in 1961, a year before the 
report by Pearson's team. But whatever the legal situation, Ovshinky 
was the only person to produce and market these devices, and until 
recently his group's research dominated this new field of investigation. 
The Soviet team mentioned above, also observed switching action (Kolomiets, 
1963) in certain glasses.
Further observations on switching behaviours were made by Eaton 
(1964). Chopra (1965) published a report of switching action in glassy 
semiconducting oxides, such as those of Ta and Ti.
The "novel" glasses mentioned above are alloys of the chalco^on 
elements, namely, sulphur, selenium and tellurium; when produced in a 
glassy form they are known as chalcogenides. The electrical properties 
of these glasses will be discussed in other chapters, but apart from 
their electrical properties these glasses differ from oxide and halicle 
glasses in a number of important respects (a) they are formed over i 
range of compositions and are not ccafined to one or two chemical 
compositions (Rawson, 1967), (b) the structural theories developed to 
explain the structures of oxide glasses are not always applicable to the 
chalcogenide glasses (Rawson, 1967).
From the above historical review it is clear that the recent interest 
in the electrical properties of non-crystalline semiconductors has been 
stimulated by (a) a desire for a sound theoretical understanding of 
electronic behaviour in such disordered materials and (b) the possible 
commercial applications of the fast switching phenomena which have been 
demonstrated in a wide range of amorphous elements and alloys.
1.2. Reversible switching effects in solids
Electrical switching in solids is defined here as a transition from 
a high resistance state to a low resistance state under the influence of 
an applied electric field. The transition is reversible and non-destructive 
and this distinguishes switching from ordinary dielectric breakdown in 
solids which is destructive and irreversible. E3.ectrical breakdown
current is generally very noisy whereas the current-voltage 
characteristics of a switching device are normally clean. However, 
it was pointed out by Bosnell (1973) that on an oscilloscope, dielectric 
breakdown or even air breakdown under pulse conditions can look similar 
to switching if the noise in the highly conductive state is suppressed. 
There is the possibility that breakdown in some materials has been 
mistaken for switching and reported accordingly.
Many materials exhibit switching effects and their characteristics 
can be classified broadly according to whether the performance of t^.c 
device is current controlled, figure 3.2(a) or voltage controlled, 
figure 1.2(b), (Pamplin, 1970). In the first case the current-voltage 
characteristic is multivalued in voltage (S-shaped), in the second 
case of the voltage controlled device the current voltage characteristic 
is multivalued in current (N-shaped). Although both the S and N shaped 
characteristic conform to the above definition of switching, only the 
first behaviour is usually designated (and even then only in some cases) 
as the switching behaviour, the second type of behaviour is described as 
"voltage controlled negative resistance". Figure 1.1 shows a typical 
circuit used for displaying the I-V characteristic on an oscilloscope.
Fritzche subdivides S-shaped ci.rrent-voltage characteristics into 
those where their>^opking point can be stabilised in the negative
differential resistance region, ^-*^TO, and those where the device
dJ 
exhibits the memory action. Four groups can be distinguished as shown
in figure 1.3(1) - (IV):
(i) The negative resistance device has a I-V characteristic wtich is
retraceable except for some hysteresis observed when the current is 
changed too rapidly for maintaining thermal equilibrium. With a
proper device of a load resistor, R , this negative resistance canLi
be stabilised at any point on the I-V curve.
(ii) The sv/itching device has no stable operating point between the high 
resistance state and conductance states. The device switches when 
the voltage exceeds a threshold value, V . The characteristics 
of this device are dealt with in some detail in a separate sub- 
section below.
(iii) The negative resistance devices with memory has two stable states;
the first is similar to that of (i) and the second state is conductive
and established at higher current and remains conductive without
ir 4 -
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Load line
Switching characteristics of a threshold device 
fabricated from chalcogenide glass.
decay. The first state can be re-established by increasing the 
current above a certain value and switching it off rapidly.
(iv) The switching device with memory also has two stable states; the 
high-resistance state and the mode of switching are similar to 
those of (ii). The second state is conducting. The high resistance 
state can be re-established by applying a short high-current pulse.
Drake et al (1969) have added a further class of switching device, 
figure 1-4, with electrical characteristics representing a combination 
of the characteristics of those of (i) and (iii) - (iv). Effects of 
this kind have been found in glasses based on the WO :P O system. The
o ^ O
characteristics in (i) - (iv) are found in various transition metal 
glasses containing vanadium ions and in chalcogenide glasses.
A typical threshold switch consists of a thin films of chalcogenide 
glass sandwiched between two thin film metal electrodes (Bunton et al, 
1972). Other types exist including the DO-7 package (Ovshinky, 1968), 
gap devices (Hughes et al, 1974), pore devices (Neal, 1970), and point- 
contact devices (Csillag and Jager, 197O). The I-V characteristic of 
a threshold switch is shown in figure 1.5. This is obtained by applicatior 
of a voltage pulse across the device and as the voltage is raised from 
zero, a h?gh resistance 'off 1 state branch AB is followed,until threshold 
is reacheu, value V , the device switches abruptly to a point C given by
I* 11
the slope of the load line, and a high conductance state CD is reached. 
As the supply voltage is decreased the working point moves down the on- 
state ^i) until it abruptly reverts to the off-state, point E, at the 
critical point D corresponding to a holding current I and a holding 
volxcxge 1, . The position of point E is given by the slope of the load 
line.
The off-state resistance exhibits an ohmic region close to the 
origin followed by a non-ohmic region up to the threshold voltage, V . 
The on-state characteristic generally .shows a negative differential 
resistance for an on-state current of i-3 mA and a positive differential 
resistance for higher current. The minimum voltage drop across a device 
in the region between the negative and positive differential resistance 
is denoted in this thesis as the minimum holding voltage V .
The times taken for the various transitions are important parameters. 
When a voltage V 2>Vfh is applied, a voltage-dependent delay time tj 
elapses before the device changes from its off-st:ate to the on-state in 
a switching time t (t_-<31;t ,) . The Svvitch-off time or recovery time
^ o \.i
t is the transition time from the conducting on-state to the off-state
once the current drops below I . The recovery time is very large 
compared to t .
S
In a memory device, only V , td and ts have any significance,t/n
the on-state parameters I and V are meaningless because the device 
remains in the conducting state once it is achieved. As mentioned 
earlier, the off-state can be re-established by a short high-current 
pulse.
The I-V characteristics of a threshold device are normally 
symmetrical in the first and third quadrants, i.e. symmetrical for 
applied positive and negative pulses, but there has been reports of 
asymmetrical characteristics (Henisch and Vendura, 1972). The behaviour 
of the various parameters of a threshold switch will now be considered 
in greater detail.
(a) Threshold Voltage V
The magnitude of the threshold voltage depends on temperature, 
pressure and film material composition and the electrical switching 
conditions such as pulse height ar.«d pulse repetition rate.
V always decreases with increasing temperature. For bulk th
and thick film ( ^-1OO jam) devices, the relation V ( <s-(T)/T) 
is observed (Kolomiets et al, 1069, Warren, 1973). For thin film 
devices ( ^ 10 ffm) the temperatu^ dependence is much weaker
(Kolomiets et al, 1969) and at low temperatures V becomes 
independent of temperature (Buckley and Holmberg, 1972).
Kolomiets et al (1969) have shown that the switching field 
is very weakly dependent on thickness in devices which are less 
than 10 |j,m thick (i.e. V oC d) , whereas for thicker films, the
1
relation V . o< d was observed.
The pressure dependence V ( P) has been measured by Walsh et 
al (1970) and found to vary as exp (P).
(b) Delay time t
There have been several reports of delay time measurements as 
a function of over-voltage (V - V ), and also of film thickness.
I/ 1 1
The delay time decreases rapidly as V is increased beyond V and 
for V'^-1.2 V it follows the relation (Ovshinsky, 1968, Henisch,
L> X I
1969, Shanks, 1970, Lee and Henisch, 1973, Bunton and Quilliam, 
1S73): L « L.' I  ,
.~tji e:
where the pref actor t'd decreases with increasing temperature 
(Boer, Dohler and Ovshinsky, 1970) and decreasing film thickness, 
Lee, Henisch and Burgess (1972) studied the statistical spread in t d 
and found relatively large statistical fluctuations in t d for (V -
V . )/V = 0.2 and at larger over-voltaces a rather abrupt transition tR tn ~
to a regime in which the fluctuations were less than 10 t-d.
Values of t d less than 10 ns have been observed in thin films 
and for high over-voltages but in thick films, values as high as 
ICO ms may be observed.
(c) Switching time t
After the delay time, the resistance of the device changes 
rapidly to a much lower value which could be 10 times smaller in a
very short time t . In thin films, an upper limit of 150 ps for ts s
has been measured using a sampling oscilloscope, (Neale, 1970).
(d) The on-state parameters, V, V ,, I, , t 
___________
 _ _______ 
h» mh h r
The holding voltage V is normally 1-3 V in thin films and 
depends on electrode materials used. Much higher values have been 
reported by Hughes et al (1974) and they have shown that V in gap 
devices is strongly dependent on the circuit load resistor and 
device capacitance. In thick films ( ~z> 100 urn) the holding voltage
increases with thickness. The minimum holding voltage V has so 
f?»r been largely ignored in the literature and there is almost a 
total absence of experimental data en its magnitude. Results 
obtained in this work, however, show that it has a magnitude of 
'Ax. 9  2.5 V depending on the electrode material used.
The recovery time t for thin film switches has a value of 
about a few (is 1 but depends on the on-time and ambient temperature 
(Thomas et al. 1972). Practically, t is made up of two components, 
a fast temperature independent component and a much slower component 
which depends on temperature and could be several orders of 
magnitude longer than the first.
The holding current has typical values of 0.1 mA to 1 mA and 
depends on the external circuit parameteis (Hughes et al, 1974). 
Further discussion of the on-state and its parameter is found 
in Chapters Two, Four and Five.
- 10 -
3 . Choice of areas for investigation
This project set out primarily to investigate the nature of 
the on-state and characterize its parameters in thin film devices 
fabricated from a quaternary chalcogenide glass which had the 
Ovshinsky (1968) composition Si Te, As Ge which is frequently
JL£ 4 1 oU J.L)
called STAG glass. Although during the last few years many papers 
have been published on the switching phenomena in chalcogenide glasses, 
attention has been mainly focussed on Ca) the material aspects and 
structural changes (b) the possible conduction mechanisms in the off- 
state and the nature of the breakdown processes at threshold. Very 
little attention has been paid to the on-state of the threshold switching 
device and, as a result, at the time when active work started on this 
research project there was an absence of even a semi-quantitative 
theoretical model describing the on-state and a real lack of hard 
experimental results. Therefore, first priority was to obtain some basic 
and consistent results on the on-state as a function of ambient 
temperature, electrode material and device geometry. This programme 
necessitated the fabrication of well-characterized devices and the 
development of special testing equipment.
During the course of this research work it became very clear that 
structural changes played an important role in the device characteristics. 
To gain insight into the nature of these structural changes, measurements 
on the on-state were supplemented by some off-state measurements.
The development and progress of experiments are taken up in 
Chapter Four.
1.4. Thesis plan
Chapter Two consists of a brief review of some of the properties 
of amorphous materials and a survey of the various theoretical switching 
models.
Chapter Three describes in some detail the equipment and the special 
techniques used and developed for fabrication and testing of the switching 
devices.
In Chapter Four the results are presented with some preliminary 
discussion whereas the main discussion and results interpretation are 
given in Chapter Five.
In addition to the five chapters there is also an appendix which 
deals with suggestions for future work.
- 11 -
CHA.PTER TWO
Glasses and Switching Models
Some of the properties of chalcogenide glasses were mentioned 
in the previous chapter. In this chapter a more detailed review, still 
brief, of the basic properties of these glasses is given. Also reviewed 
are the various switching theories developed to explain the switching   
phenomena in these glasses.
Although it is fairly well established that thermal runaway 
is mainly responsible for the switching effects in thick chalcogenide 
devices, there is still a good deal of controversy regarding the precise 
mechanisms of the switching processes in thin films: at present there 
are three major schools of thought (a) one which attributes switching 
in these devices to thermal effects, (b) a second which explains the 
switching phenomena in terms of purely electronic models, (c) a third 
which suggests that structural changes and phase changes in the material 
of the device play a dominant role in switching.
. Any model put forward to explain the switching effect in these 
glasses must be able to account for a positive feedback mechanism which 
allows the voltage across the device to drop substantially while the 
current through it either remains the same or increases.
At present no single model gives an adequate and satisfactory 
description of a switching cycle in thin film devices. The problem of 
thermal switching has not been completely resolved mathematically and 
solution of the three-dimensional heat balance equation remains out of 
sight for a long time to come. The theories of electronic switching are 
based on the solid-state physics of amorphous materials which is not fully 
understood. Structural changes and phase separation are more likely to be 
the consequence of switching rather than the cause of it.
Although chalcogenide glasses are the primary subject of this 
review, some sections are applicable to any glassy material. Wherever 
possible, a particular reference to the switching effect in multicomponent 
chalcogenide glasses is made.
2.1. Disorder and classification in solids
A solid can be defined as a material state which has the
ability to transmit shear waves, or a state which has a minimum
15 
viscosity of 10 poise. A solid thus defined can be either
crystalline or non-crystalline depending upon the arrangement of the 
constituent atoms, ions or molecules. For a solid to be called
- 12 -
'crystalline' a long range periodicity, order, in the atomic 
arrangement must be present. There is no precise definition of 
crystallinity, but usually the absence of long range order in the 
atomic arrangement of a solid over distances /"-' 100 A is taken
as a condition. According to this definition a crystalline solid
19 
containing more than 10 randomly distributed point defects in
o
one cm or a crystalline solid composed of small /^ 10O A crystallites
are classed as non-crystallines. Non-crystalline solids, however, 
have P high degree of short range order over the first few interatomic 
distances.
The classification of crystalline solids based on structural 
studies by X-ray or electron diffraction techniques is now a well 
understood field which need not be mentioned any further here. 
Unfortunately a similar classification of non-crystalline solids is 
not possible at present owing to the lack of suitable analytical 
tools to study such aperiodic structures. A classification of no:i- 
crystalline solids has, however, been attempted by Roy (197O) using 
a scheme, which to quote him "is based on the fact that many basic 
structural features are carried over from the parent materials and 
the preparation process in a genetic memory which is sufficiently 
strong to permit the separation of non-crystalline solids into major 
groups.'' It is known that a non-crystalline material which is orepared 
by different methods results in different structures and this D ^ 
described as polymorphism of non-crystalline solids. Figure 2.1 
shows the basic outline of Roy's classification scheme. The various 
techniques used in preparing non-crystalline materials are outlined 
in Chapter 3. but it can be appreciated from figure 2.1 that Roy's 
classification scheme is based on the method of preparation and the 
origin of the material.
The non-crystalline solid formed by cooling a liquid or a 
m^lt is called a glass.
There is in the literature a widespread interchange of terms, 
liquid-like, glass, vitreous and amorphous which are often taken as 
synonymous although it is usual to define a glass as a non-crystalline 
solid formed by continuous solidif ioution of a liquid. Differences 
between these terms have been taken account of in a scheme proposed 
by Stevels (1971) for the description of non-crystalline structures. 
He introduced the concept of repeatability numbers for non-crystalline
- 13 -
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Figure 3.27 
The output pulse generated by the 
circuit shown in figure 3.28. 
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